The results of previous studies overwhelmingly suggest that RhD positive heterozygotes 27 express better health status than Rh positive homozygous, especially in RhD negative 28 subjects. This also applies to pregnant women. According to the Trivers-Willard hypothesis, 29
Introduction

48
The RhD protein, a product of the RHD gene, is a major component of the Rh blood group 49 system. It carries the strongest blood group immunogen, which is the D antigen. Considering 50 its role, the molecular structure of the RhD protein suggests it is a part of an ion pump present 51 in the red blood cell membrane. The whole complex probably serves for the transport of NH 3 52 or CO 2 molecules across the erythrocyte cell membrane (Flegel, 2011; Kustu and Inwood, 53 2006 ). However, its physiological role is still unclear. Several possible options have been 54 discussed, e.g. in Flegr et al. (2015) . 55
Almost 85 % of Europeans express an RhD positive phenotype -the RhD protein is 56 present in their erythrocyte cell membranes. However, the RhD antigen is absent in a 57 considerable portion of the European population (RhD negative subjects) due to the RHD 58 deletion (Wagner and Flegel, 2000) . RhD polymorphism is comparably high in numerous 59 other human populations (Golassa et al., 2017; Mourant, 1976) , but its existence is an 60 evolutionary enigma. Theoretically, populations should be RhD monomorphic. This is 61 because of a strong selection against RhD positive children born to RhD negative mothers due 62 to hemolytic disease of the newborn (Bowman, 1997; Filbey et al., 1995) . Before the 63 introduction of prophylactic treatment, this disorder, which can cause serious illness, brain 64 damage, or even death of the fetus or newborn of multiparous women, was one of the leading 65 causes of newborn mortality in highly RhD polymorphic populations. Therefore, the 66 representatives of the minor phenotype had lower fitness before the advent of modern 67 medicine. This includes either RhD negative women in a mostly RhD positive population or 68 RhD positive men in a mostly RhD negative population. in human populations thus could be maintained by selection in favour of heterozygotes 80 (Feldman et al., 1969; Fincham, 1972) . 81
The correlation of particular RhD genotypes with specific health conditions has been 82 supported by several studies (see, e.g. Flegr et al., 2008 Flegr et al., , 2009 Flegr et al., , 2010 Flegr et al., , 2012 Flegr et al., , 2013 Kankova et 83 al., 2010; Novotna et al., 2008) . One interesting theme is that RhD negativity and 84 heterozygosis often affect the individual's health in opposite directions. Recently, two 85 independent studies showed that RhD phenotype strongly affects the incidence and 86 prevalence of many disorders. RhD negative subjects reported having more frequent allergic, 87 digestive, heart, haematological, immunity, mental health, and neurological problems, as well 88 as a higher incidence of some infectious diseases. This was corroborated by the reported 89 frequency of their visits to medical specialists, usage of prescribed drugs, headaches, and 90 general tiredness (Flegr et al., 2015) . The results showed a complex picture. Certain 91 significantly elevated medical problems were specific to RhD negative individuals, others to 92 RhD positive persons, most of them in a sex-specific way. However, taken together, the RhD 93 negative subjects had more serious health problems than the RhD positive subjects in all six 94 variables, significantly differing according to RhD of 22 variables analysed. The difference in 95
RhD phenotype was obviously caused by the underlying RhD genotype, but RhD positive 96 homozygotes and heterozygotes were not separated in this study. Some of the results indicate 97 5 that RhD negative phenotype may confer increased immunity to infections of viral origin. In 98 the light of these results and considering the long-term persistence of RhD polymorphism, 99 however, it seems more probable that it could be RhD positive heterozygotes who are 100 selectively advantageous in human populations. RhD polymorphism thus could be sustained 101 in populations by negative frequency-dependent selection, namely by its specific form -the 102 selection in favour of heterozygotes (heterozygous advantage). 103
A recent ecological regression study performed on a set of 65 countries for which the 104 RhD genotype frequencies data were available, showed the strongest evidence yet for the 105 heterozygote advantage hypothesis (Flegr, 2016) . The results showed that both the 106 frequencies of RhD negative homozygotes and RhD positive heterozygotes (whose frequency 107 was calculated from data on the frequency of homozygotes using Hardy (Flegr et al., 2018) . It is clear that faster 138 reaction times or greater stamina conferred a selective advantage in the past, and that they still 139 do in the present. It was, for example, demonstrated that the probability of being involved in a 140 traffic accident is elevated more than twice (in the case of chronic infection) or even five 141 times (in the case of recent infection) in Toxoplasma positive RhD negative homozygotes 142 (Flegr et al., 2009 ). This could lead to the spread of the RhD negative allele in a similar 143 manner to the recessive HBB allele for sickle cell disease. HBB recessive homozygotes have 144 severely impaired viability. In a heterozygous condition, the HBB allele does not impair 145 viability in most situations but confers an increased resistance to malaria. The HBB allele thus 146 7 spread in tropical areas with Plasmodium falciparum by the means of frequency-dependent 147 selection, or its specific form -heterozygous advantage -until a disproportionate fraction of 148 nonviable recessive homozygotes are born and its frequency in a population is stabilized 149 (Allison, 1954) . 150
However, phenotypic correlates of RhD phenotype may be more complex. A study 151 performed on 502 soldiers surprisingly showed that Toxoplasma positive RhD positive 152 subjects express lower, while Toxoplasma positive RhD negative subjects express higher, 153 verbal and nonverbal intelligence than their Toxoplasma negative peers (Flegr et al., 2013) . 154
This may be the consequence of psychological differences between Toxoplasma positive and 155
Toxoplasma negative subjects (a lower total N-70 score of potentially pathognomic factors, 156 anxiety, depression, phobia, hysteria, vegetative lability, hypochondria, psychasteny, and 157 neuroticism, but see Flegr et al., 2010, for somewhat contradictory results) that were observed 158 in this study and were more prominent among RhD negative subjects. However, these 159 psychological differences may result from the increased tendency of Toxoplasma positive 160 military personnel to mask any negative properties. Moreover, there were signs of higher 161 verbal and nonverbal intelligence even in Toxoplasma negative RhD negative subjects, which 162 points to a possible direct effect of RhD phenotype. Regardless, the protective role of RhD 163 positive phenotype against the effects of toxoplasmosis was documented even in this study. 164
The strongest effect of Rh phenotype was reported in a study on the influence of Toxoplasma The secondary sex ratio (sex ratio at birth) in humans is around 1.06 in most 171 populations (Davis et al., 1998) . Within the population, the sex ratio may be influenced by 172 many factors, such as paternal hormones (James, 1996 (James, , 2010 (James, , 2015 James and Grech, 2018) , 173 immunosuppression (James, 1996) , and several important pathologies (e.g. hepatitis, James, 174 2010, or toxoplasmosis, Kankova et al., 2007) . As the Rh phenotype modulate the effects of 175 many detrimental factors on human performance and physiology, we decided to examine its 176 potential effects on sex ratio at birth. The specific aim of the present study was to analyse the 177 association between the sex of newborns and RhD phenotype of both the newborns and 178 mothers. Our working hypothesis was to expect a higher secondary sex ratio in RhD 179 heterozygous women. The generally accepted Trivers-Willard hypothesis (Trivers and 180 Willard, 1973) suggests that females, including women in "good condition", e.g. women with 181 a good health status, tend to give birth to more sons than daughters. The reason is that 182 mothers in good condition may invest disproportionately more time, energy, and resources 183 into their sons, which may, in turn, reach a better condition and leave more offspring in 184 polygynous (or serially monogamous) species where the biological fitness of males, but not so 185 much females, strongly depends on their health status. According to the studies, heterozygous 186
RhD positive mothers probably express better health status than Rh positive homozygous 187 mothers and especially than the RhD negative mothers. This can result in a higher sex ratio in 188
RhD positive than in RhD negative mothers and an even higher sex ratio in RhD positive 189 mothers who give birth to RhD negative children, i.e., in RhD heterozygous mothers. We 190 expect this effect to be more prominent in primiparous women on the basis of already 191 Our results showed that the sex ratio at birth was significantly higher (male skewed) in RhD 261 positive mothers who had RhD negative newborns (SR=1.23) than in RhD positive mothers 262 who had RhD positive newborns (SR=1.00). This effect was stronger in primiparous women 263 (SR=1.37 and 0.99 resp.). In our study, we had only data regarding RhD phenotypes. It can be 264 deduced, however, that the RhD negative mothers were undoubtedly homozygotes (dd) while working hypothesis was to expect RhD heterozygous mothers, i.e., mothers with supposedly 279 higher health status, to exhibit a higher secondary sex ratio. The results of our study therefore 280 supported our working hypothesis and further supported the hypothesis that RhD 281 polymorphism may be maintained due to heterozygote health advantages. 282
As expected on the basis of already published data (Maraz et al., 1973) , the results of 283 our analyses were not significant in multiparous women. This could have been caused by a 284 broader spectrum of factors that influence the secondary sex ratio in multiparous women in 285 comparison with primiparous women. These factors are, for example, sex (James, 1996) , especially the reaction 289 against y-antigens (Nielsen et al., 2008 (Nielsen et al., , 2009 ). Due to these sources of latent variability, the 290 effect of RhD phenotype (resp. genotype) on sex ratio at birth cannot be detected in the 291 multiparous women, even if it existed. It must be emphasized, however, that the broader 292 13 spectrum of these confounding factors cannot be the only reason for the difference in the 293 effect of RhD on primiparous and multiparous women. Confounding factors may increase the 294 variability of the focal variable (the probability of a birth of a son in this study), and by this, 295 they can increase the P value of tests. However, they cannot influence the size of the observed 296 effect. For this reason, our results suggest that effects sizes in primiparous mothers are much 297 higher than in multiparous women, the difference in the effect of RhD on primiparous and 298 multiparous women cannot be explained solely by the aforementioned confounding factors. Another option is based on the observation that adverse effects of RhD negativity on 336 health probably manifest at an older age (Flegr et al., 2015) . This is corroborated by our 337 results (unpublished data), which show that better reaction times in RhD negative individuals 338 are specific to younger age. This points to a possible conditional selective advantage of RhD 339 negative homozygotes. Under this scenario, RhD negativity can be beneficial at a younger 340 age, or at least exhibit its adverse effects on health or psychomotor performance exclusively 341 or more prominently at an older age. Negative effects that manifest only at an older age could 342 hide away into the "selection shadow" (Fisher, 1930; Medawar, 1946) . It was supported that 343 mutations that negatively affect fitness at an older age are under a much weaker selective 344 pressure than mutations that affect the fitness of young individuals (Gavrilova et al., 1998 ). It 345 is also possible that the adverse effects of RhD negative phenotype would be individually 346 reflected during ageing and thus masked by an adaptive behaviour (see, e.g. Flegr et al., 2009 Flegr et al., , 347 2013 Novotna et al., 2008) . It is even possible that the RhD negative allele represents one of 348 the alleles with antagonistic effects on fitness dependent on age (see, e.g. Pedersen, 1995) . Its 349 presence may easily result in a positive feedback loop of selection on fast life strategy and 350 maximum performance at a young age (Nettle, 2010; Promislow and Harvey, 1990 ). In such a 351 situation, it might be more advantageous to have more RhD negative sons than RhD negative 352 daughters for mothers with RhD positive heterozygous genotypes. Such sons would have a 353 better chance of reproductive success at a young age. In contrast, at least mediocre longevity 354 would be always advantageous for daughters. This presents a special case of the generalized 355
Trivers-Willard hypothesis (Kanazawa, 2005) . Note, however, that this option does not 356 exclude advantages of preferentially producing sons by RhD heterozygous mothers in good 357 condition postulated by the classical Trivers-Willard hypothesis (Trivers and Willard, 1973) . 358
The benefit of producing RhD negative sons because of their young age advantage therefore 359 might be masked in RhD negative mothers by their own advantage in producing daughters, 360 which results in the pattern we observed in our study. 361
The important limitation of our study is that we knew only maternal and child RhD 362 phenotypes and not genotypes. We were not able to count maternal RhD genotypes for all 363 data, but only for the subpopulation of 2,651 women (RhD negative women and RhD positive 364 women with RhD negative newborns). It will be necessary to genotype the RhD positive 365 mothers in future studies to confirm or reject our predictions that the SR of RhD positive 366 heterozygotes will be male skewed and the SR of RhD positive homozygotes will be female 367 16 skewed. The second limitation was a relatively small sample size of sub-analyses evaluated 368 across the different RhD phenotype categories for both primiparous and multiparous women. 369 However, the small number of subjects may lead only to a false negative, not a false positive 370 result of a study. Another, more general, problem was the absence of information on many 371 factors that could have influenced sex ratio at birth (e.g. maternal socio-economic status, 372 health, sex of previous child). Existence of known and unknown confounding factors may 373 result in the failure of a statistical test to detect the existent effect, not in the detection of non-374 existing effect (Flegr and Horacek, 2017) . However, researchers should focus on these factors 375 in future studies on the role of RhD polymorphism in the origin of skewed human sex ratios. 376
Conclusions
377
In our relatively large data set, the maternal RhD heterozygosity was associated with a male 378 biased secondary sex ratio. The most parsimonious explanation of the observed pattern 379 suggests the preference of male offspring by mothers in good condition according to the 380 Trivers-Willard hypothesis. This hypothesis proposes that mothers who exhibit a good 381 physiological condition and/or social status give birth to a higher proportion of sons, while 382 those in a worse situation, e.g. those with worse health, give birth to more daughters. If the 383 explanation is correct, then our data provides new indirect support for the heterozygous 384 
